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Black Holes at the LHC
Panagiota Kanti
Abstract In these two lectures, we will address the topic of the creation of small
black holes during particle collisions in a ground-based accelerator, such as LHC,
in the context of a higher-dimensional theory. We will cover the main assumptions,
criteria and estimates for their creation, and we will discuss their properties after
their formation. The most important observable effect associated with their creation
is likely to be the emission of Hawking radiation during their evaporation process.
After presenting the mathematical formalism for its study, we will review the current
results for the emission of particles both on the brane and in the bulk. We will finish
with a discussion of the methodology that will be used to study these spectra, and
the observable signatures that will help us identify the black-hole events.
1 Introduction
These two lectures aim at offering an introduction to the idea that miniature black
holes may be created during high-energy particle collisions at ground-based collid-
ers. This scenario can only be realised in the context of higher-dimensional theories,
i.e. theories that postulate the existence of additional spacelike dimensions in nature.
An introduction to the two most important versions of these theories, namely the
scenario with Large Extra Dimensions and the one with Warped Extra Dimensions
will be our starting point.
We will then proceed to introduce the idea of the possible creation of black holes
at the laboratory. We will present some simple but illuminating geometrical criteria
for this to happen. We will then discuss the boundary value problem whose solution
determines whether a black hole has been formed out of two colliding particles. Cer-
tain aspects of the creation process will be studied in more detail, namely the amount
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of energy that is absorbed by the created black hole and the value of the production
cross-section. We will finally discuss the properties of the produced black holes,
such as the horizon value, temperature and lifetime, and compare with the ones of
their 4-dimensional analogues. The non-vanishing, in general, temperature of the
black hole is associated with the emission of a thermal type of radiation from the
black hole, i.e. the Hawking radiation. This has its source at the creation of a virtual
pair of particles outside the horizon of the black hole (or, equivalently, the quantum
tunneling of a particle from within the black hole horizon). We will finish our first
lecture with a brief outline of the mathematical formalism that was developed for
the study of the Hawking radiation.
The emission of Hawking radiation, i.e. of elementary particles with a thermal
spectrum, takes place during the two intermediate phases in the life of a black hole.
These are the spin-down phase and the Schwarzschild phase, in chronological or-
der. Starting from the second, that has the simplest gravitational background, we
will present a review of the results that have been derived in the literature related
to the form of the radiation spectra and their most characteristic features, including
their dependence on the dimensionality of spacetime and the relative emissivities
of different species of fields. A similar task will then be taken for the spin-down
phase during which the black hole carries a non-vanishing angular momentum. In
this case, the radiation spectra will have an extra dependence on the angular mo-
mentum parameter of the black hole, as well as an angular distribution in space due
to the existence of a preferred direction in space, that of the rotation axis. The most
important part, from the phenomenological point of view, will be the emission of the
black hole directly on the brane on which the Standard Model particles and the ob-
servers themselves are located. However, the bulk emission will also be considered
as this will determine the amount of energy remaining for emission on the brane.
Having completed the theoretical study of the radiation spectra from a higher-
dimensional black hole, we now need to address the question of what information
we may deduce from these spectra, if one day we manage to detect them, and in what
way. Certain properties of the produced black hole such as the mass and temperature
need to be determined first. From these, one may then turn to the derivation of more
fundamental parameters such as the dimensionality of the gravitational background,
or even the value of the fundamental Planck scale and the cosmological constant.
As we will see, this task is highly non-trivial and demands the close cooperation of
theoretical studies and experimental skill. But if it works, it might provide answers
to the most fundamental questions in theoretical physics.
2 First Lecture: Creation of Black Holes and their Properties
During the first lecture, we will set the stage for the production and subsequent
detection of higher-dimensional black holes. After a brief introduction to models
with extra dimensions, we will discuss the possibility of the creation of a black hole
during a particle collision, and address certain questions related to this phenomenon.
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We will then turn to the evaporation process of the black hole, and we will briefly
present the mathematical formalism for the study of the Hawking radiation.
2.1 Extra Dimensions
It is an amazing feature of the Theory of General Relativity that it can be straight-
forwardly extended to an arbitrary number of dimensions. Its main mathematical
construction, Einstein’s field equations
G
m n
= R
m n
− 1
2
g
m n
R = k 2 T
m n
, (1)
are expressed in terms of second-rank tensors whose indices can take any values, de-
pending on our assumptions for the dimensionality of spacetime, without its mathe-
matical consistency to be in any danger. It comes therefore as no surprise that, only
a few years after Einstein formulated his theory of gravity, Kaluza produced a grav-
itational model in five dimensions. The model was soon supplemented with further
suggestions about the topology of the extra dimension by Klein, and it was the first
attempt ever to derive a unification theory in which gravity played the fundamental
role.
Klein pictured the extra spacelike dimension introduced by Kaluza as a regular,
compact one with finite size R. To avoid any conflicts with observational data, the
size of the extra dimension was assumed to be much smaller than any observable
length scale. The idea was extensively used decades later in the formulation of String
Theory: there, the size of the additional six spacelike dimensions, necessary for the
mathematical and physical consistency of the theory, was assumed to be R = lP =
10−33 cm. However, all traditional ideas about the structure, size and use of the
extra space radically changed in the 90’s. The start was made in the context of string
theory, where the idea [1, 2, 3] that the string scale does not necessarily need to be
tied to the Planck scale, MP ≃ 1019 GeV, was put forward. This soon led1 to the
construction of two, much simpler but extremely rich from the phenomenological
point of view, gravitational models: the scenario with Large Extra Dimensions [8, 9]
and the one with Warped Extra Dimensions [10].
The topological structure of the higher-dimensional spacetime in each case is
shown in Figs. 1(a,b). In the scenario with Large Extra Dimensions, depicted in Fig.
1(a), a 4-dimensional brane is embedded in a (4+ n)-dimensional flat space with
(3+1) non-compact and n spacelike compact dimensions. All ordinary matter, made
up of and interacting through Standard Model (SM) fields, is localised on the brane,
and experiences gravitational forces that become strong at Planck scale. On the other
hand, gravitons, and possibly scalars or other fields not carrying any charges under
the SM gauge group, can propagate in the full spacetime. The higher-dimensional,
1 For some early attempts to construct higher-dimensional gravitational models, see Refs. [4, 5, 6,
7].
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Fig. 1 (a) A 3-brane embedded in a (4+n)-dimensional flat spacetime. (b) Two 3-branes embed-
ded in a 5-dimensional Anti de Sitter spacetime.
fundamental theory has a new scale for gravity, M∗, that is related to the effective
4-dimensional one through the equation [8, 9]
M2P ≃R n M2+n∗ . (2)
According to the above, if R ≫ lP, the fundamental scale for gravity M∗ can be
significantly lower than the 4-dimensional one. By inverting the above relation and
using the definition GD = 1/Mn+2∗ for the fundamental gravitational constant, we
find
G4 R n ≃ GD . (3)
This means that, while, for r≫R, the Newtonian potential between two masses m1
and m2 is given by the well-known 4-dimensional formula
V (r) = G4
m1m2
r
, (4)
for r ≪ R, the corresponding potential is now not only a higher-dimensional one
but a much stronger one for the same masses m1 and m2, and is written as
V (r) = GD
m1m2
rn+1
. (5)
In the case of the scenario with Warped Extra Dimensions, shown in Fig. 1(b), a
4-dimensional brane is embedded in the higher-dimensional spacetime which now
is five-dimensional. The extra spacelike dimension is generically non-compact but it
may be compactified at will if a second brane is introduced in the model. The visible
brane, where all SM fields live, is placed at a finite distance y = L from the hidden
brane located at y = 0. If all fundamental scales at the hidden brane are of the order
Black Holes at the LHC 5
Table 1 Current limits on the fundamental energy scale
Type of Experiment/Analysis M∗ ≥ M∗ ≥
Collider limits on the production
of real or virtual KK gravitons [11]-[13] 1.45 TeV (n = 2) 0.6 TeV (n = 6)
Torsion-balance Experiments[14, 15] 3.2 TeV (n = 2) (R ≤ 50 m m)
Overclosure of the Universe[16] 8 TeV (n = 2)
Supernovae cooling rate [17]-[20] 30 TeV (n = 2) 2.5 TeV (n = 3)
Non-thermal production of KK modes [21] 35 TeV (n = 2) 3 TeV (n = 6)
Diffuse gamma-ray background [16, 22, 23] 110 TeV (n = 2) 5 TeV (n = 3)
Thermal production of KK modes [23] 167 TeV (n = 2) 1.5 TeV (n = 5)
Neutron star core halo [24] 500 TeV (n = 2) 30 TeV (n = 3)
Time delay in photons from GRB’s [25] 620 TeV (n = 1)
Neutron star surface temperature [24] 700 TeV (n = 2) 0.2 TeV (n = 6)
BH absence in neutrino cosmic rays [26] 1-1.4 TeV (n ≥ 5)
of M∗, then it may be shown that the electroweak symmetry breaking in the visible
brane takes place at a scale [10]
MEW = e−kL M∗ , (6)
where k is the curvature scale associated with the negative cosmological constant
that fills the 5-dimensional spacetime of the model. The effective Planck scale MP
is now related to the fundamental one M∗ through the equation
M2P =
M3∗
k (1− e
−2kL) . (7)
In both scenaria, a low-scale gravitational theory can be realized in the context
of the higher-dimensional model. As we will see, this will have important conse-
quences for the creation and evaporation process of black holes in these theories.
In these lectures, we will concentrate on the scenario with Large Extra Dimensions,
however, many of the arguments and results that will be presented hold for the sce-
nario with Warped Extra Dimensions, too, under the assumption that the AdS radius
1/k is much larger than the horizon radius rH of the corresponding black holes.
2.2 Creation of Black Holes
A summary of the most important – experimental, astrophysical and cosmological –
limits on the fundamental energy scale M∗ is presented in Table 1. From its entries
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one may see that, in general, the constraints become more relaxed as the number of
additional spacelike dimensions increases. The most optimistic case is the one where
the higher-dimensional Planck scale M∗ is very close to the TeV scale – this case is
still viable, however, one needs to introduce at least 3 additional spacelike dimen-
sions. In this version of the model the hierarchy between the gravitational and the
electroweak scale almost disappears. What is more important, the scale of quantum
gravity, where gravitational and SM interactions become of the same magnitude,
approaches the energy scale where present-day and future experiment operate. As a
result, if M∗ is of the order of a few TeV, then collider experiments with E > M∗ can
probe the strong gravity regime and may witness the creation of heavy, extended
objects!
The following question therefore arises naturally: can we then produce a black
hole in a collider experiment on our brane? The idea was put forward in [27] very
soon after the formulation of the two aforementioned models with extra dimensions.
In there, it was argued that during a high-energy scattering process with E > M∗ and
impact parameter b between the colliding particles, the following two cases should
be expected: (i) if b > rH(E), elastic and inelastic processes will take place, dom-
inated by the exchange of gravitons, while (ii) if b < rH(E), a black hole will be
formed according to the Thorne’s Hoop Conjecture 2 [28] and the colliding parti-
cles will disappear for ever behind the event horizon. In the above, rH(E) is the
Schwarzschild radius that corresponds to the center-of-mass energy E of the collid-
ing particles.
Since gravity is higher-dimensional, every gravitational object, including the pro-
duced black hole, will be generically higher-dimensional. We thus expect the black
hole to form on but also to extend off our brane. Under the assumption that the pro-
duced black hole has a horizon radius rH much smaller than the size of the extra
dimensions R – a case that can be indeed realized as we will see in the next sub-
section, it may be assumed that it lives in a spacetime with (4+ n) non-compact
dimensions. The simplest such black hole is the spherically-symmetric, neutral,
higher-dimensional one described by the Schwarzschild-Tangherlini line-element
[30]
ds2 =−
[
1−
(rH
r
)n+1]
dt2 +
[
1−
(rH
r
)n+1]−1
dr2 + r2d W 22+n , (8)
where d W 22+n is the line-element of a (2+ n)-dimensional unit sphere
d W 22+n = d q 2n+1 + sin2 q n+1
(
d q 2n + sin2 q n
(
...+ sin2 q 2 (d q 21 + sin2 q 1 d j 2) ...
))
.
(9)
2
... which says that “A black hole is formed when a mass M gets compacted into a region whose
circumference in every direction is C ≤ 2p rH(E)”. A higher-dimensional version of this conjec-
ture was developed in [29] where the “circumference” was substituted by the “area” VD−3 of the
(D−3)-dimensional “surface” that now needs to be VD−3 ≤ GD M.
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Table 2 The values of the ratio xmin = E/M∗, necessary for the creation of a black hole, as a
function of n.
n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
xmin = 8.0 xmin = 9.5 xmin = 10.4 xmin = 10.9 xmin = 11.1 xmin = 11.2
By applying the Gauss law in D = 4+ n dimensions, we find for the horizon radius
the result [31]
rH =
1
M∗
(
MBH
M∗
) 1
n+1
(
8G ( n+32 )
(n+ 2)
√
p
(n+1)
)1/(n+1)
. (10)
The above expression reveals the, by now, well-known result that, in an arbitrary
number of dimensions, the horizon radius of the black hole has a power-law depen-
dence on its mass MBH – the more familial linear dependence is restored if one sets
n = 0. More importantly, it is the fundamental Planck scale M∗ that appears in the
denominator instead of the 4-dimensional one MP, a feature that will play an im-
portant role on deciding whether black holes may be created at high-energy particle
collisions.
Turning therefore to this question, the basic criterion for the creation of such a
black hole is [32] that the Compton wavelength l C = 4 p /E of the colliding particle
of energy E/2 must lie within the corresponding Schwarzschild radius rH(E). By
using the expression for the horizon radius (10), the above is written as
4 p
E
<
1
M∗
(
E
M∗
) 1
n+1
(
8G ( n+32 )
(n+ 2)
√
p
(n+1)
)1/(n+1)
. (11)
This inequality can be solved to give the ratio xmin = E/M∗, necessary for the cre-
ation of the black hole. The results for xmin for various values of the number of extra
dimensions n are given in Table 2. From these, we conclude that the center-of-mass
energy of the collision must be approximately one order of magnitude larger than
the fundamental Planck scale M∗. Note that, if the factor 4 p is left out, as it was
often done in earlier back-on-the-envelope calculations, the constraint on E comes
out to be much more relaxed, i.e. E ≥M∗. As the maximum center-of-mass energy
that can be achieved at the Large Hadron Collider at CERN is 14 TeV, it seems that a
window of approximately 5 TeV remains at our disposal to witness a strong gravity
effect such as the creation of a black hole.
Moving beyond the classical criterion (11) that allows for the formation of the
black hole, two basic questions arise next: (i) what part of the available center-of-
mass energy E is absorbed inside the black hole, and (ii) how likely is the creation
of a black hole at the first place. In order to answer these questions, we need to study
the details of the high-energy particle collision in a strong gravitational background.
A theory of Quantum Gravity could provide the answers, however, such a theory –
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Fig. 2 Two Aichelburg-Sexl
shock waves propagating
at opposite directions. The
two shock waves collide at
u = v = 0 and, if a closed
trapped surface or an apparent
horizon is formed, a black
hole has been created. shock 2shock 1
IV
IIIII
I
u v
in a complete, consistent form – is still missing. Over the years the fast-moving,
colliding particles have been modelled by gravitational waves, shock waves, and
strings in the context of different theories such as General Relativity (with or with-
out Quantum mechanics) [33, 34, 35, 36, 37, 38, 39], String Theory [40, 41, 42]
and Topological Field Theory [43]. The most widely established method is the use
of the concept of the Aichelburg-Sexl shock wave [44] that was developed more
than twenty years ago in the context of a 4-dimensional gravitational theory. An
Aichelburg-Sexl shock wave follows from a Schwarzschild line-element boosted
along the z axis, with a Lorentz factor g = 1/
√
1− b 2. In the limit g → ¥ , the
boosted line-element becomes [37]
ds2 =−dudv+ dx2+ dy2 + 4 m ln(x2 + y2) d (u)du2 , (12)
with u = t− z and v = t + z, and m the particle’s energy. The above line-element is
everywhere flat apart from the point u = 0 where a discontinuity arises. Therefore,
it describes a shock wave located at this point and moving along the +z axis at the
speed of light.
We now assume that two Aichelburg-Sexl waves, with their centers at u = 0
and v = 0, are moving at opposite directions, one along the +z axis and the other
along the −z. Then, the two shock waves will collide at u = v = 0, as we may
see at Fig. 2. The points at regions I, II and III, that lie away from the moving
trajectories and the collision point, are flat, however, the region IV, which forms
after the collision is highly non-linear and curved3. If, at the union of the two shock
waves, a closed trapped surface (i.e. a closed 2-dimensional spacelike surface on
which the outgoing orthogonal null geodesics have positive convergence [45]) or an
apparent horizon (that is, a closed trapped surface with exactly zero convergence)
is formed, then a black hole has been created – since, according to the Cosmic
Censorship Hypothesis, the apparent horizon either coincides with or lies inside the
event horizon [45].
The creation therefore of a black hole is nothing but a Boundary Value problem.
In D = 4 dimensions and for a head-on collision (b = 0), this problem can be solved
analytically. This task was performed by Penrose [46], more than 30 years ago, who
found that an apparent horizon is indeed formed with an area equal to 32 p m 2. This
3 The task of finding the exact form of spacetime in region IV involves strong, and thus non-linear,
gravitational calculations; until today no answer – analytical or numerical – has been given to this
question.
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can put a lower bound on the area of the event horizon and thus on the black hole
mass as follows:
AH ≡ 4 p r2H ≥ 32 p m 2⇒MBH ≡
rH
2
≥ 1√
2
(2 m ) . (13)
From the above one may conclude that at least 71% of the initial energy E = 2 m
of the collision is trapped inside the black hole. Alternatively, one may compute
the amount of energy emitted in the form of gravitational waves during the violent
collision. This was done in [37] where it was found that that amount was of the order
of 16%, which raised the percentage of energy absorbed by the black hole to 84%
of the initial energy E . In more recent years, numerical analyses, where one [47] or
both [48] of the colliding bodies were assumed to be described by a black hole, have
found that the percentage of energy lost in the form of gravitational waves is in the
area of 14%, whish is in very good agreement with the results of [37].
In the brane-world scenario, the colliding particles need to enter the higher-
dimensional regime in order to create a black hole. In that case, every closed trapped
surface will be a (D−2) surface instead of a 2-dimensional. Nevertheless, the same
procedure for investigating the creation of a black hole can be followed in this case,
too. For a head-on collision, the corresponding boundary value problem can be again
solved analytically leading to [49]
MBH ≥ [0.71(forD = 4)− 0.58(forD = 11)] (2 m ) . (14)
Therefore, as the dimensionality D of spacetime increases, smaller and smaller black
holes will be created. On the other hand, if the collision is not head-on, i.e. b 6= 0,
numerical means have to be used to find the solution of the problem. This was done
in [49, 50] leading respectively to the results
• D = 4: b≤ bmax ≃ 0.8rH ,
• D = 4+ n : b≤ bmax ≃ 3 2−(n+2)/(n+1) rH .
Thus, for a non-head-on collision, a black hole will be created if the impact parame-
ter is smaller than a fraction of the event horizon radius. This fraction is 0.8 in D = 4
and increases, reaching asymptotically unity, as D becomes larger.
The impact parameter can offer us a measure of how likely the creation of a
black hole is. For a high-energy collision with a non-zero impact parameter b, the
production cross-section is found by using the geometric limit
s production ≃ p b2 . (15)
According to the above, the cross-section for the production of black holes from
two fast-moving particles is assumed to be given by the classical formula for the
“target” area defined by the impact parameter. One might intuitively think that the
formation of a black hole at such high energies would be governed by quantum,
rather than classical, effects – in [51], the argument that the production cross-section
would be suppressed by an exponential factor involving the Euclidean action of the
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Table 3 Black-Hole production cross-section as a function of the dimensionality of spacetime [57]
D 4 5 6 7 8 9 10 11
s production/(p r
2
H ) 0.71 1.54 2.15 2.52 2.77 2.95 3.09 3.20
system was put forward. However, in subsequent studies [52, 53, 54, 55, 56] it was
shown that the creation of the black hole was a classically allowed process and not
a quantum phenomenon; the main contribution to the production cross-section is
therefore given by the classical expression (15) with the quantum corrections being
indeed small as in [51].
Early studies used the approximate expression s production≃ p r2H , but today a more
precise expression is needed. As we just saw, even in the D = 4 case, a black hole
will not be created unless the impact parameter is smaller than 0.8rH , a result that
leads to the more accurate estimate for the production cross-section: s production ≃
0.64(p r2H). Nevertheless, we are not done: novel estimates for the production cross-
section have emerged from the study of Ref. [57], where the search for the creation
of a closed trapped surface was extended in the regime (u = 0, v > 0) and (u > 0,
v = 0), i.e. in the ‘future’ of the collision point. This extension gave a boost to
the production cross-section, since in cases where it was previously concluded that
no event horizon had been formed at the collision point, now such a surface was
found when the extended regime was used instead. Therefore, the state-of-the-art
values of the black hole production cross-section are the ones given in Table 3 [57].
For example, the D = 4 value of 0.64, in units of p r2H , has increased to 0.71, with
similar or larger enhancements taking place for the other values of D, too4.
Focusing, for a moment, on the geometrical instead of the numerical factor in the
expression of the production cross-section, we may write
s production µ p r
2
H ∼
1
M2∗
(
E
M∗
)2/(n+1)
. (16)
The above expression gives the dependence of the production cross-section on the
center-of-mass energy of the collision and reveals the enhancement of it with E , a
dependence that is not seen in any other SM or Beyond the Standard Model pro-
cess5. The above expression is valid for the production of a black hole out of two
4 We should note here that the use of the generalized uncertainty principle has shown to lead to an
increase in the minimum amount of energy needed for the creation of a black hole [58]. Similarly,
the production cross-section comes out to be suppressed if the charge of the colliding particles
exceeds a certain value [59], while the angular momentum of the black hole enhances s production
[60]. Finally, if one assumes the existence of a non-Gaussian point in General Relativity and thus
a running gravitational coupling, the black-hole production cross-section is greatly suppressed in
part of the parameter space [61].
5 For a black hole produced in a 5-dimensional Anti de Sitter spacetime, the above result for the
production cross-section holds if we assume that rH ≪ 1/k; on the other hand, if rH ≥ 1/k, then,
the corresponding expression for the production cross-section is s production µ ln2 E [62].
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elementary, non-composite particles (i.e. partons). The final result for the production
cross-section out of two accelerated composite particles, such as protons, follows by
properly summing over all pairs of partons that carry enough energy to produce a
black hole. This is finally given by [63, 64]
s
pp→BH
production = å
i j
∫ 1
t m
d t
∫ 1
t
dx
x
fi(x) f j( t
x
) s
i j→BH
production , (17)
where x is the parton-momentum fraction, t = √xi x j, and fi(x) are the so-called
parton distribution functions (PDF’s) that determine the fraction of the center-of-
mass energy that is carried by the partons.
Summing over all possible pairs of partons gives another considerable boost to
the production cross-section. One could naively think that by increasing without
limit the available center-of-mass energy E , one could create extremely energetic
pairs of partons each one of which would certainly create a black hole. However,
the parton distribution functions fi(x) decrease rapidly with the center-of-mass en-
ergy E , and with them the amount of energy that is passed to (and retained by) the
partons. As a result, the production cross-section can not be indefinitely increased.
Numerical calculations, that take into account the compositeness of the acceler-
ated particles and the behaviour of PDF’s, have derived some indicative values for
s production [63, 64]. For example, if we assume that M∗ = 1 TeV and D = 10, then
the production cross-section for a black hole with MBH = 5 TeV turns out to be
s production ∼ 105 fb, while for a black hole with MBH = 10 TeV it is found that
s production ∼ 10 fb. For beyond the SM processes, the aforementioned values are
quite significant – in the first case, the value of s production amounts to one black hole
created per second! Whether LHC will indeed prove to be a black-hole factory, it
remains to be seen.
2.3 Black-Hole Properties
We now turn to the properties of the higher-dimensional black holes that may be
produced during trans-planckian particle collisions [65, 66]. We will use as a proto-
type for our discussion the spherically-symmetric, neutral black hole described by
the Schwarzschild-Tangherlini line-element (8). Let us start with the value of the
horizon radius – how big (or, small) are actually these black holes? The value of rH
as a function of the mass of the black hole is given in Eq. (10). In order to derive
some realistic estimates, we assume again M∗ = 1 TeV and MBH = 5 TeV, and cal-
culate the value of the horizon as a function of the number of extra dimensions n.
These values are presented in Table 4. From these we may easily conclude that, in
the presence of extra dimensions, in order to create a black hole we only need to
access subnuclear distances. To have a measure of comparison, let me note that, in
D = 4 with M∗ = MP ≃ 1019 GeV, the same objective could only be achieved if the
two colliding particles came within a distance of 10−35 fm!
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Table 4 Horizon radius and temperature of the Schwarzschild-Tangherlini black hole as a function
of the number of extra dimensions, for M∗ = 1 TeV and MBH = 5 TeV
n 1 2 3 4 5 6 7
rH (10−4 fm) 4.06 2.63 2.22 2.07 2.00 1.99 1.99
TH (GeV) 77 179 282 379 470 553 629
Drawing from our knowledge of their 4-dimensional analogues, we expect that
these miniature black holes will go through the following stages during their lifetime
[63]: (i) The balding phase: the initially highly asymmetric black hole will shed all
quantum numbers and multipole moments apart from its mass M, electromagnetic
charge Q, and angular momentum J – during this phase, we expect some visible
but mainly invisible energy emission. (ii) The spin-down phase: the black hole will
start losing its angular momentum via the emission of Hawking radiation through
mainly visible channels. (iii) The Schwarzschild phase: after its angular momentum
the black hole will now start losing its mass through the emission again of Hawk-
ing radiation. (iv) The Planck phase: when the black hole MBH approaches M∗, it
becomes a quantum object whose properties would follow only from a quantum
theory of gravity – possible scenaria for this phase are the emission of a few ener-
getic quanta leading to the complete evaporation of the black hole, or the formation
of a stable “quantum” remnant.
The emission of Hawking radiation [67] is sourced by the non-vanishing temper-
ature of the black hole. This is defined in terms of the black hole’s surface gravity k
as follows
TH =
k
2 p
=
1
4 p
1√|gtt grr|
(
d|gtt |
dr
)
r=rH
=
(n+ 1)
4 p rH
. (18)
By using again, as an indicative case, the values M∗ = 1 TeV and MBH = 5 TeV,
for the fundamental Planck scale and black-hole mass, as well as the values of the
horizon radius rH given in Table 4, we may calculate the temperature of the black
hole in terms of the number of extra dimensions. These are also given in Table 4.
We observe that a higher-dimensional black hole, with mass in the range of values
that would allow it to be produced at LHC, comes out to have in addition a temper-
ature that would greatly facilitate its detection at present and future experiments –
unlike the large astrophysical black holes that are characterised by an extremely low
temperature and the majority of primordial black holes that have an extremely high
temperature. Finally, let us add that due to the emission of Hawking radiation, the
lifetime of a black hole is finite. In the case of a higher-dimensional black hole, this
quantity is given by [65]
t (n+4) ∼
1
M∗
(
MBH
M∗
) (n+3)
(n+1)
> t (4) . (19)
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For the same values of M∗ and MBH , the typical lifetime of the black hole comes out
to be t = (1.7− 0.5)× 10−26 sec for n = 1− 7. In other words, the produced black
hole will evaporate instantly after its creation, and it will do so right in front of our
detectors.
That is why we need to study in the greatest possible detail the spectrum of
the Hawking radiation emitted by the black hole as this will probably be the main
observable effect associated with this gravitational object. Although a purely geo-
metrical property, the temperature of a black hole leads to the emission of thermal
radiation similar to that of a black body. The Hawking radiation [67] is therefore
a classical phenomenon but with a quantum origin, since classically nothing is al-
lowed to escape from within the black-hole horizon. The emission of radiation from
a black hole, 4-dimensional and high-dimensional alike, can be realized through the
creation of a virtual pair of particles just outside the horizon; when the antiparti-
cle happens to fall inside the black hole, the particle can then propagate away from
the black hole whose mass has decreased due to the negative amount of energy it
received. The radiation spectrum is therefore a nearly black-body spectrum with
energy emission rate given by an expression of the form [67]
dE(w )
dt =
|A (w )|2 w
exp(w /TH)∓ 1
d w
(2 p )
. (20)
The quantity|A (w )|2 appearing in the numerator is the Absorption Probability (or,
greybody factor). Its presence is due to the fact that a particle, propagating in the
(4+n)-dimensional black-hole background, needs to escape the strong gravitational
field, that the black hole creates, to reach the asymptotic observer. In order to see
this, we may write the equation of motion of an arbitrary field in the aforementioned
background in the form of a Schro¨dinger-like equation
− d
2
Y
dr2∗
+V(r∗,n, l, w ,s, ...)Y = w 2 Y , (21)
in terms of the so-called tortoise coordinate dr∗ =
[
1− ( rH
r
)(n+1)]−1 dr. The grav-
itational barrier V (r∗,n, l, w ,s, ...) will reflect some particles back to the black hole
while it will allow others to escape to infinity. The rate at which particles and there-
fore energy is “arriving” at the location of the asymptotic observer will thus be
proportional to the transmission (or, absorption, as we will shortly see) probability
and thus different from the one for the usual, flat-space blackbody radiation. How-
ever, the extra difficulty that the greybody factor introduces in the calculation of
the radiation spectrum is compensated by the following fact: the barrier, and conse-
quently the absorption probability, depends on a number of parameters that describe
both particle properties (spin s, energy w , angular momentum numbers l,m, ...) and
spacetime properties (number of extra dimensions n, angular momentum of black
hole a, cosmological constant L , ...). As a result, the Hawking radiation spectrum,
when computed, is bound to be a vital source of information on the emitted particles
and gravitational background.
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But how does the radiation spectrum follow? For this, we need to do a Quantum
Field Theory analysis in curved spacetime. The first step is to define a basis for our
fields: in the 4-dimensional case, we write [68, 69]
u
w lm =
N
r
e−iw t eimj S
w lm(q )R w lm(r) , (22)
where N is a normalization constant, (l, m) the angular momentum numbers with
|m| ≤ l, and S
w lm(q ) the spherical harmonics. We also need to define the vacuum
state of the theory. The one that describes perfectly the Hawking radiation emission
process is the past Unruh vacuum |U−〉: this state has no incoming radiation from
past null infinity J − (i.e. far away from the BH at some asymptotic initial time)
but modes can “come out” of the black hole.
The gravitational potential V that appears in the equation of motion of the field
propagating in the black-hole background has the form of a barrier: it is localised,
and vanishes at both the horizon and infinity. At these two asymptotic regimes, Eq.
(21) can then be easily solved, and the radial part of the field assumes the forms
Rup
w lm(r)∼
{
eiw r∗ +Aup e−iw r∗ , r → rH
Bup eiw r∗ , r → ¥
. (23)
The solution is, as expected, a superposition of free plane-waves, where the con-
stants Aup and Bup can be viewed as the Reflection and Transmission coefficients.
The fluxes of particles N and energy E emitted by the black hole and measured
by an observer at infinity are given by the vacuum expectation values of the ra-
dial component of the conserved current J m and the (tr)-component of the energy-
momentum tensor T
m n
, respectively, evaluated at infinity [68]
d2
r2 dt d W
(
N
E
)
= 〈U−|
(
Jr
T tr
)
|U−〉
¥
. (24)
Using the asymptotic form (23) for the radial part of the field at infinity, and after
some algebra, we find
d2
dt d w
(
N
E
)
=
1
2 p å l
Nl |Bup|2
exp(w /TH)∓ 1
(
1
w
)
, (25)
where Nl = 2l+1 is the multiplicity of states that have the same value of the angular
momentum number l, and the±1 factor is a statistics factor for fermions and bosons,
respectively.
We note that, in the numerator of the above expression, it is the transmission
probability |Bup|2 that appears, as expected. However, one may define an alternative,
but equivalent, basis, namely
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Rin
w lm(r) ∼
{
Bine−iw r∗ , r → rH
e−iw r∗+Ain eiw r∗ , r → ¥
. (26)
This basis describes modes that originate not from the black hole but from the past
null infinity. Now, Ain and Bin can be viewed as the Reflection and Absorption coef-
ficients, respectively. As both sets of solutions satisfy the same radial equation, one
may easily show that the following relations hold
1−|Ain|2 = |Bin|2 ≡ |Bup|2 = 1−|Aup|2 . (27)
From the above, we may easily conclude that the transmission probability |Bup|2
for the “up” modes originating from inside the black hole is equal to the absorption
probability |Bin|2 for the “in” modes originating from past null infinity – we denote
these two quantities collectively as |A (w )|2, and write
d2
dt d w
(
N
E
)
=
1
2 p å l
Nl |A (w )|2
exp(w /TH)∓ 1
(
1
w
)
. (28)
In the case of a rotating (Kerr) black hole, we may compute three rates: the emis-
sion rates of particles N and energy E and the rate of loss of the angular momentum
J of the black hole. These are given by the expressions
d2
r2 dt d W
(N
E
J
)
= 〈U−|
( Jr
T tr
T r
j
)
|U−〉
¥
. (29)
The asymptotic solutions for the radial part of the field for either the “up” modes or
the “in” modes propagating in a Kerr black-hole background are now given by
Rup
w lm(r)∼
{
ei ˜w r∗+Aup e−i ˜w r∗ , r → rH
Bup eiw r∗ , r → ¥
(30)
and
Rin
w lm(r) ∼
{
Bine−i ˜w r∗ , r → rH
e−iw r∗+Ain eiw r∗ , r → ¥
. (31)
In the above, the parameter ˜w is defined as
˜
w ≡ w −m W H = w −m a
r2H + a
2 , (32)
where W H is the angular velocity of the rotating black hole, and a the angular mo-
mentum parameter to be defined later. By using as a basis the “up” modes, that, as
we saw, describe more accurately the Hawking radiation emission process, we find
the expressions
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d2
dt d w
(N
E
J
)
=
1
2 p ål,m
w
˜
w
|Bup|2
exp( ˜w /TH)∓ 1
( 1
w
m
)
. (33)
As in the non-rotating case, we also find that the following relations hold between
the coefficients of the asymptotic solutions (30)-(31) for the two sets of modes
w
˜
w
|Bup|2 = 1−|Aup|2≡1−|Ain|2 = ˜w
w
|Bin|2 , (34)
leading to the final, simpler formula for the three rates
d2
dt d w
(N
E
J
)
=
1
2 p ål,m
|A (w )|2
exp( ˜w /TH)∓ 1
( 1
w
m
)
, (35)
where now |A (w )|2≡ = 1− |Aup|2≡1− |Ain|2. Let us also note that if ˜w = w −
m W H < 0, then from Eq. (34) the reflection probabilities |Aup|2 and |Ain|2 can be
larger than unity - this happens only for modes with m > 0 and signals the effect of
superradiance [70], where the incident wave “steals” energy from the rotating black
hole and escapes with an amplitude larger than the original one.
Let us now introduce a number of additional, spacelike dimensions in our theory.
Surprisingly, not much changes in the functional form of the above formulae. The
emission rates for a higher-dimensional, rotating black hole will still be given by
expressions of the form [71, 72, 60, 73, 74, 75, 76, 77, 78, 79]
d2
dt d w
(N
E
J
)
=
1
2 p ål,m, j...
|A (w )|2
exp( ˜w /TH)∓ 1
( 1
w
m
)
. (36)
Where does the difference from the 4-dimensional case lie? To start with, the tem-
perature of the black hole will acquire an n-dependence. In addition, the equation
of motion of a given field is going to depend on the specific background; therefore,
the greybody factor |A (w )|2, that follows by solving the corresponding equation
of motion is going to change, too. Also, the symmetry and structure of the higher-
dimensional spacetime may introduce additional quantum numbers and/or change
the multiplicities of states that carry the same sets of quantum numbers.
Another important factor is whether we are considering emission of particles
on the brane or in the bulk. Unlike a purely 4-dimensional black hole, a higher-
dimensional one can emit particles either in the “brane channel” or in the “bulk
channel”. The species of particles that can be emitted in the bulk are particles
that are allowed by the model to propagate in the higher-dimensional spacetime,
namely gravitons but also scalar fields that carry no quantum numbers under the
SM gauge group. These bulk modes “see” the full (4+n)-dimensional gravitational
background and they are invisible to us, therefore, any energy emitted in the bulk
will be interpreted as a missing energy signal for a brane observer. On the other
hand, the black hole can emit a variety of particles in the “brane channel”, namely
Black Holes at the LHC 17
fermions, gauge bosons and Higgs-like scalars. These brane-localised modes “see”
only the projected-on-the-brane 4-dimensional gravitational background and they
are directly visible to a brane observer; as a result, they are the most interesting
emission channel to study from the phenomenological point of view.
3 Second Lecture: Hawking Radiation Spectra and Observable
Signatures
Having discussed the properties of the miniature black holes that may be cre-
ated during a high-energy particle collision in the context of a low-scale higher-
dimensional gravitational theory, we now proceed to discuss in more detail the spec-
tra of the Hawking radiation emitted by these black holes and the information on
particle and spacetime properties that we may deduce from them.
3.1 The Schwarzschild Phase on the Brane
As we mentioned in the previous section, a black hole emits Hawking radia-
tion during the two intermediate phases of its life, namely the spin-down and the
Schwarzschild phase. We will start from the latter one, which although follows the
spin-down phase, was the first one to be studied due to the simpler form of the
line-element that describes the gravitational background around it. This is given
by the Schwarzschild-Tangherlini solution (8) and describes, as we have seen, a
spherically-symmetric, neutral black hole that has lost all of its angular momen-
tum. For the purpose of studying the emission of Hawking radiation directly on
the brane, we will be interested in the brane-localised modes that “see” only the
projected-on-the-brane background. In order to derive the latter, we fix the values of
all the additional q i coordinates, with i = 2, ...,n+ 1, introduced to describe the ad-
ditional spacelike dimensions, to p2 . Then, the resulting brane background assumes
the form
ds24 =−
[
1−
(rH
r
)n+1]
dt2 +
[
1−
(rH
r
)n+1]−1
dr2 + r2 d W 22 . (37)
The above line-element describes a 4-dimensional black-hole background on the
brane which, although resembles a Schwarzschild background, it is distinctly dif-
ferent as it carries a non-trivial n-dependence. The horizon radius is still given
by Eq. (10) and its temperature by Eq. (18) – note, that both the horizon radius
and black-hole temperature follow from geometrical arguments involving only the
gtt and grr metric components, and these are not affected by the projection of the
(4+ n)-dimensional line-element onto the brane.
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However, the different form of the gravitational background is bound to change
the equation of motion of the relevant species of particles, and thus the value of the
greybody factor |A (w )|2. In order to study in a combined way the behaviour of
fields with spin s = 0,1/2 and 1, a “master” equation of motion with s appearing as
a parameter was derived in [71, 72, 66]. For this, we used a factorized ansatz for the
wavefuction of the field of the form
Y s = e
−iw t eimj D −s Rs(r)Smsl(q ) , (38)
and employed the Newman-Penrose method [80, 81], that combines multi-component
fields with curved gravitational backgrounds. Then, two decoupled equations, one
for the radial function Rs(r) and one for the spin-weighted spherical harmonics [82]
Smsl(q ), were derived having the form
D
s d
dr
(
D
1−s dRs
dr
)
+
[
w
2r2
h + 2iw sr−
isw r2h′
h − l sl
]
Rs(r) = 0 , (39)
and
1
sin q
d
d q
(
sin q
dSmsl
d q
)
+
[
−2mscot q
sin q
− m
2
sin2 q
+ s− s2 cot2 q + l sl
]
Smsl(q ) = 0 ,
(40)
respectively. In the above, we have defined the function D ≡ r2 h≡ r2
[
1− ( rH
r
)n+1]
,
while l sl = l(l + 1)− s(s− 1) is the eigenvalue of the spin-weighted spherical har-
monics. The above equations resemble the ones derived by Teukolsky [83] in the
background of a purely 4-dimensional black-hole background and differ only in the
expressions of the functions h(r) and D (r).
The radial equation, from where the value of the greybody factor will follow,
may be solved either analytically or numerically. If the analytic approach is chosen
[71, 72], an approximation method must be followed according to which: (i) we
solve the equation of motion in the Near-Horizon (NR) regime (r ≃ rH ) where it
takes the form of a hypergeometric equation, (ii) then, we solve the equation of
motion in the Far-Field (FF) regime (r≫ rH ) where it takes the form of a confluent
hypergeometric equation, and (iii) finally, we match the two asymptotic solutions in
an intermediate zone to guarantee the existence of a smooth solution over the whole
radial regime. Once the solution for the radial function Rs(r) is found, we compute
the Absorption Probability (we use the “in” modes as a basis) through the formula
|A (w )|2 ≡ 1−|R(w )|2 ≡ Fhorizon
Finfinity
, (41)
where R(w ) is the Reflection coefficient and F the flux of energy towards the black
hole.
Whereas the Absorption Probability is a dimensionless quantity varying between
0 and 1 (in the non-rotating case), a dimensionful quantity may be constructed out
of it, namely the absorption cross-section, that is measured in units of the horizon
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Fig. 3 Absorption cross-section for brane-localised fermions evaluated analytically (left plot), and
numerically (right plot).
area ( p r2H) and is defined as [84]
s abs(w ) =
å
l
p r2H
(w rH)2
(2l + 1) |A (w )|2 . (42)
By following the approximate method, described above, to solve the radial equation,
one may compute the absorption probability and from that the absorption cross-
section. As an indicative case, in Fig. 3(a) we present the result for s abs(w ) for the
case of fermions propagating in the projected-on-the-brane black-hole background.
As we observe, the horizontal axis does not extend to large values of the energy pa-
rameter w rH ; the reason for this is that, during the matching of the two asymptotic
solutions, the assumption was made that w rH ≪ 1, that inevitably restricts the va-
lidity of the analytic result to small values of the energy. Therefore, the behaviour of
s abs(w ), or A (w ), for arbitrary values of the energy can only be derived if numer-
ical techniques are employed [85] for the solution of the radial equation. Then, the
plot appearing in Fig. 3(b) can be constructed. The qualitative agreement between
the two plots is obvious and one can see that the low-energy behaviour of s abs(w ) is
accurately reproduced by the analytic result. However, as w rH increases, deviations
start appearing. To complete the picture, in Figs. 4(a,b) we present the behaviour of
the absorption cross-section for scalars and gauge bosons [85], respectively. What
is important in the behaviour of s abs(w ) is that (a) it behaves differently for each
species of fields, and (b) has a rather strong dependence on the number of spacelike
dimensions that exist transversely to the brane.
When the (numerically) computed absorption probability and the temperature of
the black hole are substituted in the formula for the energy emission rate, we ob-
tain the radiation spectrum [85] that, for the indicative case of fermions, is depicted
in Fig. 5. The different curves on the plot stand for the differential energy emission
rates per unit time and unit frequency for the cases with n= 0,1,2,4 and 6 (from bot-
tom to top). We may easily observe that the energy emission rate is greatly enhanced
by the number of extra spacelike dimensions, a result that holds also for scalars and
gauge bosons. In order to derive the total emissivity, i.e. the energy emitted over
the whole frequency regime per unit time, we integrate over w rH . The results for
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Fig. 4 Absorption cross-section for brane-localised scalars (left plot) and gauge bosons (right plot).
all species of brane-localised fields are presented in the first three rows of Table 5.
From there, we may see that the total emissivity for the SM fields is enhanced up to
three or four orders of magnitude with the number of extra dimensions.
We finish this subsection with an interesting observation that applies for the rela-
tive emissivities of brane-localised fields. We have already seen that the absorption
cross-section, and consequently the absorption probability, has a strong dependence
on the spin of the propagating field. One thus expects that different species of par-
ticles will have different emission rates. Indeed, this may be seen by putting the
emission curves of scalars, fermions and gauge bosons on the same graph. For a
purely 4-dimensional black hole [86], this is shown in Fig. 6(a). According to this,
the dominant type of particles emitted by a black hole in 4 dimensions is scalars;
then come the fermions and finally the gauge bosons. Figure 6(b) shows the same
emission curves but in the case of a 10-dimensional black hole. Here, the gauge
bosons are the particles preferably emitted by the black hole, then come the scalars
and lastly the fermions. Therefore, the number of extra dimensions determines not
only the amount of energy emitted per unit time by the black hole but also the type
of the emitted particles.
Fig. 5 Hawking radiation
energy emission rates for
brane-localised fermions, for
n = 0,1,2,4 and 6 (from
bottom to top).
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Table 5 Total emissivities for brane-localised scalars, fermions and gauge bosons [85] and bulk
gravitons [98]
n 0 1 2 3 4 5 6 7
Scalars 1.0 8.94 36.0 99.8 222 429 749 1220
Fermions 1.0 14.2 59.5 162 352 664 1140 1830
G. Bosons 1.0 27.1 144 441 1020 2000 3530 5740
Gravitons 1.0 103 1036 5121 2× 104 7× 104 2.5× 105 8× 105
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Fig. 6 Relative emissivities for brane-localised fields for n = 0 (left plot) and n = 6 (right plot).
3.2 The Spin-down Phase on the Brane
We now turn to the phase in the life of the black hole that precedes the Schwarzschild
one. This is the spin-down phase during which the black hole has a non-vanishing
angular momentum – this is the most generic situation for a black hole created
by a non-head-on particle collision. Assuming that the produced black hole has
an angular-momentum component only along an axis in our 3-dimensional space,
the line-element that describes the gravitational background around such a higher-
dimensional black hole is given by the Myers-Perry solution [31]
ds2 =
(
1− m
S rn−1
)
dt2 + 2a m sin
2
q
S rn−1
dt d j − S
D
dr2
− S d q 2−
(
r2 + a2 +
a2 m sin2 q
S rn−1
)
sin2 q d j 2− r2 cos2 q d W 2n , (43)
where
D = r2 + a2− m
rn−1
, S = r2 + a2 cos2 q . (44)
The parameters m and a that appear in the metric tensor are associated to the black
hole mass and angular momentum, respectively, through the relations
MBH =
(n+ 2)A2+n
16 p G m and J =
2
n+ 2
aMBH , (45)
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where A2+n is the area of a (2+ n)-dimensional unit sphere. The horizon radius is
found by setting D (rH) = 0 and is found to be: rn+1H = m /(1+ a2∗), where we have
defined the quantity a∗ ≡ a/rH . Finally, the temperature and rotation velocity of this
black hole are given by
TH =
(n+ 1)+ (n− 1)a2∗
4 p (1+ a2∗)rH
, W H =
a
(r2H + a
2)
. (46)
Since we are still interested in the emission of brane-localised modes by the black
hole, we should first determine the line-element on the brane. As in the case of the
Schwarzschild phase, this will follow by fixing the values of the “extra” angular
coordinates. This results in the disappearance of the d W 2n part of the metric leaving
the remaining unaltered. Then, by employing again the Newman-Penrose method,
we compute the two – decoupled again – master equations, one for the radial part of
the field and one for the angular part, namely [66, 77]
D
−s d
dr
(
D
s+1 dRs
dr
)
+
[
K2− iKsD ′
D
+ 4isw r+ s
(
D
′′− 2) d s,|s|− L ms j
]
Rs = 0
(47)
and
1
sin q
d
d q
(
sin q
dSms j
d q
)
+
[
−2mscot q
sin q
− m
2
sin2 q
+ a2 w 2 cos2 q
−2a w scos q + s− s2 cot2 q + l s j
]
Sms j(q ) = 0 . (48)
In the above, Sms j(q ) are the spin-weighted spheroidal harmonics [87], and we have
used the definitions
K = (r2 + a2) w − am , L ms j = l s j + a2 w 2− 2am w . (49)
The angular eigenvalue l s j does not exist in closed form but it may be computed
either analytically, through a power series expansion in terms of the parameter a w
of the form [88, 89, 90]
l s j =−s(s+ 1)+
å
k
f jmsk (a w )k , (50)
or numerically [74, 75, 77, 79].
The differential emission rates for the brane-localised modes during the spin-
down phase will be given by the 4-dimensional formula (35) but with the greybody
factor computed from the brane equation of motion (47) and the temperature given
by Eq. (46). Despite the complexity of the gravitational background, the absorption
probability |A (w )|2 can be again found analytically in the low-energy and low-
angular-momentum regime. For example, in the case of scalar fields, the dependence
of |A (w )|2 on the angular momentum parameter a and number of extra dimensions
n is given in Fig. 7 [91]. Each curve in the two plots is actually consisting of two
Black Holes at the LHC 23
0.1 0.2 0.3 0.4 0.5
Ωrh
-0.01
-0.005
0.005
0.01
0.015
ÈAÈ2
a=0
a=0.2
a=0.4
a=0.6
a=0.8
m=-1
m=1
0.1 0.2 0.3 0.4 0.5
Ω rh
-0.002
-0.001
0.001
0.002
0.003
ÈAÈ2
n=7
n=1
n=1
n=7
m=-1 m=0 m=1
Fig. 7 Absorption probabilities for brane-localised scalar fields as a function of the angular-
momentum parameter a (left plot) and number of extra dimensions n (right plot).
lines: a solid one, representing our analytic result, and a dotted one, representing the
numerical result; it is clear that in the low- w regime, the agreement between the two
sets of results is indeed remarkable. A similar agreement is observed for the cases
of fermions and gauge bosons [92].
However, for the complete spectrum, we have to retort again to numerical anal-
ysis [74, 75, 76, 77, 78, 79]. In Fig. 8, we present the energy emission rates, for
the indicative cases of brane-localised scalars and gauge bosons, in terms again of
the angular-momentum parameter and number of extra dimensions. It is clear that
an increase in any of these two parameters results in the significant enhancement of
the energy emission rate. In Table 6, we have put together the factors by which the
energy emission rates are enhanced, in terms of a and n, for brane-localised scalars
[74, 75], gauge bosons [77] and fermions [79]. When the angular momentum pa-
rameter increases from 0 to 1, the energy emission rates, for an 8-dimensional black
hole, increases by a factor from 3 to 6, whereas, for a black hole with a fixed angular
momentum parameter a∗= 1, the enhancement factor is of the order of 50-100 when
n increases from 1 to 7. If we finally compare the relative emissivities of different
species of fields, then, once again, it is the gauge bosons that a higher-dimensional
rotating black hole prefers to emit on the brane.
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Table 6 Enhancement factors for the energy emission rates in terms of the angular momentum
parameter and number of extra dimensions
(n = 4) a∗ = 0 a∗ = 1.0 (a∗ = 1) n = 1 n = 7
Scalars 1 ≥ 3 1 ≥ 100
Fermions 1 6 1 99
G. Bosons 1 ≥ 5 1 ≥ 50
Let us finally comment on a particular feature that the radiation spectra from
the spin-down phase in the life of the black hole have. Unlike the line-element that
describes the background around the black hole during its spherically-symmetric
Schwarzschild phase, the one for the spin-down phase possesses a preferred axis in
space, that is the rotation axis of the black hole. As a result, the radiation spectra of
all emitted particles have a non-trivial angular dependence. As an indicative case, in
Fig. 9, we present the energy emission rates for scalars, fermions and gauge bosons,
from a 6-dimensional, rotating black hole with a∗ = 1, as a function of the energy
parameter w rH and the cos(q ) of the angle measured from the rotation axis of the
black hole. In all spectra, we observe that most of the energy is emitted along the
equatorial plane ( q = p /2) as a result of the centrifugal force that is exerted on all
species of fields. In the special cases of fermions and gauge bosons, i.e. of particles
with non-vanishing spin, there is another effect, that of the spin-rotation coupling,
that causes an additional angular dependence in their spectra, and aligns the emis-
sion along the rotation axis of the black hole – the effect is more dominant for gauge
bosons than for fermions, and it dies out as the energy of the emitted particles in-
creases. The angular spectra depicted in Fig. 9 follow after solving numerically the
angular master equation (48) for the value of the spin-weighted spheroidal harmon-
ics Sms j(q ) and calculating the differential emission rate
d3E
d(cos q )dtd w =
1
4 p
¥
å
j=1
j
å
m=− j
w |A (w )|2
exp( ˜w /TH)− 1
[(
Sm|s| j
)2
+
(
Sm−|s| j
)2]
, (51)
per unit time, frequency and solid angle for each species of particles [75, 77, 79].
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Fig. 9 Angular distribution of the energy emission spectra for scalars (left plot), fermions (central
plot) and gauge bosons (right plot) for a 6-dimensional black hole with a∗ = 1.
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Fig. 10 Energy emission
rates for bulk scalar fields, as
a function of the number of
additional spacelike dimen-
sions, for the Schwarzschild
phase.
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3.3 Emission in the Bulk
In the case that higher-dimensional mini black holes can indeed be created during
particle collisions, their detection becomes more likely if a significant part of the
black hole energy is channeled, through Hawking radiation emission, into brane
fields. Therefore, although the bulk emission will be interpreted as a missing energy
signal by a brane observer, we need to know the fraction of the total energy which
is lost along this channel. We thus need to study the emission by the black hole of
the species of particles that are allowed to propagate in the bulk, that is gravitons
and possibly scalar fields. The latter are the easier to study as their equation of
motion in the higher-dimensional spacetime can be easily found, by generalizing its
4-dimensional expression, to be
1√−G ¶ M
[√−GGMN ¶ N F ]= 0 , (52)
where the capital indices take values in the range (0,1,2,3, ...,4+n) and GMN is the
metric tensor of the higher-dimensional spacetime.
We will study first the Schwarzschild phase, for which more results are available
in the literature. In that case, the gravitational background that we need to consider
is the higher-dimensional Schwarzschild-Tangherlini one (8). By assuming again a
factorised ansatz for its wavefunction [85]
F (t,r, q i, j ) = e−iw t R
w l(r) ˜Y (W ) , (53)
where ˜Y (W ) is the higher-dimensional spherical harmonics [93], the equation of
motion of the scalar field can reduce to a system of decoupled, radial and angular,
equations. From the radial one, we find the absorption probability |A (w )|2 for a
bulk scalar field, and finally the radiation spectrum [85]. This is given in Fig. 10
in terms of the number of the additional spacelike dimensions n. As in the case of
brane emission, the energy emission rate for bulk scalar fields is greatly enhanced
as n increases.
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Table 7 Bulk-to-Brane Relative Emissivities Ratio for scalar fields in terms of n
n = 0 n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
Bulk/Brane 1.0 0.40 0.24 0.22 0.24 0.33 0.52 0.93
Therefore, the question “which scalar channel, bulk or brane, is the most domi-
nant one?” naturally arises. If the black hole has the choice to emit scalar fields both
on the brane and in the bulk, which channel is the most effective? In order to answer
this question, we need to compute the Bulk-to-Brane Relative Emissivity. This fol-
lows by integrating the corresponding brane and bulk spectra for scalar fields over
the energy parameter w rH , and computing their ratio. Then, we obtain the values
for the Bulk-to-Brane ratio displayed in Table 7 [85]. From these, we see that this
ratio becomes smaller than unity as soon as one extra dimension is introduced in
the theory, decreases further as n takes intermediate values, and increases, while re-
maining smaller than unity, as n reaches higher (supergravity-inspired) values. Thus,
we deduce that, in general, the brane scalar channel is the dominant one, however,
for high values of n, the bulk emission becomes indeed significant.
The above result gives strong support to the argument presented in [94] where
it was argued that most of the energy of a higher-dimensional black hole will be
emitted on the brane. The fact that the number of brane-localised degrees of freedom
is larger than the bulk ones, combined with the above result that, when both channels
are available, the black hole still prefers the brane one, solidifies this argument.
However, this matter is far from settled since we have not looked yet at one of the
most important species of particles that may be emitted by the black hole into the
higher-dimensional spacetime, namely the gravitons. If the probability for graviton
emission in the bulk comes out to be much higher than the one for lower-spin fields,
then, the bulk-to-brane balance may be overturned.
The graviton equation of motion in the bulk was derived [95] only a few years
ago, in the case of a spherically-symmetric, higher-dimensional background. In
there, a comprehensive analysis led to Schro¨dinger-like equations for the three types
of gravitational degrees of freedom that one encounters in a higher-dimensional
spacetime, namely tensor, vector and scalar ones. In the years that followed, the
equations of motion for all three types were studied both analytically [96, 97] and
numerically [98, 99]. The analytical approaches led to the derivation of the grav-
itational radiation spectra either in the intermediate [96] or in the low-energy [97]
regime. In the latter case, it was shown [97] that, as long as the energy of the emitted
particles remain in the lower part of the spectrum, the total bulk graviton emission
rate is sub-dominant to the one for a bulk scalar field, which in turn is subdominant
to the one for a brane scalar field. However, a definite answer for the graviton effect
on the bulk-to-brane balance can be given only if the complete spectrum for these
degrees of freedom is known. This followed from the numerical analysis performed
in [98]; according to their results, the energy emission rates for gravitons for the
Schwarzschild phase of the black hole behave similarly to the ones for the other
degrees of freedom, i.e. they are significantly enhanced as the number of additional
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Table 8 Relative emissivities for brane-localised Standard Model fields and bulk gravitons
n 0 1 2 3 4 5 6 7
Scalars 1 1 1 1 1 1 1 1
Fermions 0.55 0.87 0.91 0.89 0.87 0.85 0.84 0.82
G. Bosons 0.23 0.69 0.91 1.0 1.04 1.06 1.06 1.07
Gravitons 0.053 0.61 1.5 2.7 4.8 8.8 17.7 34.7
spacelike dimensions increases. The exact enhancement factors in terms of n ap-
pear in the last row of Table 5, and a direct comparison is possible: clearly, the bulk
graviton emission rate is the one that exhibits the biggest in magnitude enhancement
factor.
Similar results follow when the relative emissivities are computed – these are
displayed in Table 8. Due to the aforementioned enhancement factor, the gravitons,
from an insignificant part of the total emission in 4 dimensions, become the dom-
inant type of particles emitted by the black hole as soon as n ≥ 2. How does this
affect the bulk-to-brane energy balance then? Surprisingly, it is not in a position
to overturn the dominance of the brane channel. The reason for this is that in the
relative emissivities for gravitons displayed in Table 8 the total number of gravita-
tional degrees of freedom has already been taken into account. On the other hand,
the relative emissivities for the SM fields correspond to individual scalar, fermionic
and gauge bosonic degrees of freedoms. When the total number of SM degrees of
freedom (not to mention the beyond-the-SM ones) living on the brane is included in
the calculation of the total “brane emissivity”, the brane channel turns out to be the
dominant one once again 6.
Have we therefore settled the question of the brane-to-bulk energy balance? Per-
haps, not. The discussion up to now referred to the Schwarzschild phase in the life
of the black hole, and another study needs to be performed for the spin-down phase.
The only results available in the literature for the brane-to-bulk ratio in the case of a
higher-dimensional, rotating black-hole background, are the analytic ones for scalar
fields presented in [102]. In Fig. 11, we display the ratio of the differential energy
emission rate for scalar fields living on the brane over the one for bulk scalar fields
from a higher-dimensional black hole with line-element given by Eq. (43). From
the left plot of Fig. 11, we see that for a black hole with fixed angular momentum
(a∗ = 0.5) the brane-to-bulk ratio remains above unity for all values of n. On the
other hand, from the right plot we observe that, for a 5-dimensional black hole, the
same ratio is again larger than unity but it decreases as either the angular momentum
of the black hole or the energy of the particle increases. It would be indeed interest-
6 We note that in the presence of higher-derivative curvature terms in the theory, such as the Gauss-
Bonnet term, it has been found [100] that the bulk emission might become the dominant one for
specific values of the black hole mass and Gauss-Bonnet coupling constant even for the spherically-
symmetric Schwarzschild phase. Also, in the case that the model allows for fermions to propagate
in the bulk, the bulk-to-brane ratio in the fermionic channel exceeds unity even by an order of
magnitude [101].
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Fig. 11 Brane-to-Bulk ratio of the differential energy emission rates for scalar fields during the
spin-down phase in terms of n (left plot) and a (right plot).
ing to check whether the brane dominance in the emission of scalar fields persists
over the whole frequency regime, especially for large values of a [103].
3.4 Deducing Basic Information
Let us now discuss the methodology one should follow, in case we witness the cre-
ation of miniature black holes in a collider experiment. In order to deduce any use-
ful information on the fundamental, higher-dimensional theory, we need to compute
with the greatest possible accuracy two quantities: the mass of the black hole and its
temperature.
During a high-energy collision of composite particles, it is impossible to know
which pair of partons led to the creation of the black hole and what was its total en-
ergy. Further losses of energy in the form of gravitational or visible radiation during
the balding phase complicates things even more. The black-hole mass can therefore
be reconstructed only through the measurement of the energy of the particles that
appear in the final state after the evaporation of the black hole [64]. Clearly, any
missing energy will greatly reduce the efficiency of the method, therefore one needs
to focus on events with little or no missing energy. To this end, a cut is imposed on
events with missing energy E > 100 GeV, so that the black hole mass resolution is
about 4%, i.e. ±200 GeV if MBH = 5 TeV [104].
The temperature of the black hole can be determined by performing a fit on the
detected Hawking radiation spectra [64]. Preferably, these spectra should come from
events involving only photons and electrons in the final state. The reason is that (a)
these events would have a very low background, and (b) the energy resolution of
these particles is excellent even at high energies.
Once the temperature TH and mass MBH of the black hole are found with the
greatest possible accuracy, one could proceed to determine the dimensionality of
spacetime, in other words the value of n. From the temperature-horizon radius rela-
tion (18), we may write [64]
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Fig. 12 Plots relating the black-hole mass and temperature measurements, and the derived value
of n, for constant (left plot) and variable (right plot) temperature [104].
log(TH) =− 1
n+ 1
log(MBH)+ const. (54)
Then, the value of n can simply follow by determining the slope of the straight-
line fit of the data relating MBH and TH . The above method is naturally not free of
problems – indicatively, we may mention the following:
• The resolution in the measurement of the black-hole mass MBH may not be good
• The black hole temperature TH changes (increases) as a function of time as the
evaporation progresses
• The multiplicity of particles in the final state of the evaporation decreases for
high values of n
• Secondary particles that do not come directly from the evaporating black hole
may obscure the spectrum
We have already discussed the first problem associated with the determination of
the black-hole mass. Let us briefly discuss the second one involving the temperature.
We consider the special case with fundamental Planck scale given by M∗ = 1 TeV
and number of additional dimensions n = 2. We will pretend that we do not know
the value of n but rather we are trying to find it through Eq. (54). We can assume
that the temperature of the black hole either remains constant or it increases as
the time goes by. Then, the use of Eq. ( 54) leads to the two plots, respectively,
appearing in Fig. 12 [104]. As we see, by fitting the slope of the straight line, we
obtain n = 1.7± 0.3 in the first case, and n = 3.8± 1.0 in the second. A realistic
model should be in a position to take into account that the temperature of the black
hole is indeed increasing as the evaporation progresses but also that the lifetime
of the black hole is extremely short. As a result, the real situation should actually
be somewhere in between the two cases considered above, and an accurate fitting
should be in a position to produce the correct value of n which lies indeed between
the two derived values.
The multiplicity of particles emitted by the evaporating black hole depends
strongly on the black hole mass and its temperature – roughly, the first quantity
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stands for the amount of energy available for emission and the second for the aver-
age energy that each emitted particle carries away. More accurately, the number of
particles emitted by the black hole is given by the relation [64]
〈N〉 = 〈MBH
E
〉 ≃ MBH
2TH
. (55)
If, given the extremely short lifetime of the black hole, we assume that its mass
remains constant and that the black hole evaporates instantly into a number of par-
ticles, the multiplicity then depends on the value of TH . From the entries of Table
4, we see that the value of the temperature increases as the number of additional
dimensions n increases, too. In Fig. 13, we display a plot [104] showing the multi-
plicity of particles emitted from a black hole as a function of MBH , and for various
values of n [increasing from 2 (top) to 6 (bottom)] for M∗ = 1 TeV. From this, it
is clear that, while for small values of n, a black hole, that might be created at the
LHC, can emit up to 25 particles, for large values of n, this number drops at around
10. As a result, the number of data points that we need to construct the TH −MBH
line reduces significantly with n, and with it the accuracy in the determination of
its slope. While therefore, by using Eq. (54), we might be in a position to obtain a
rather accurate value of n if that lies in the lower part of its range, it might be very
difficult to distinguish between the cases with n = 5, n = 6 or n = 7.
Many experiments, looking for beyond the SM physics, have included searches
for extra dimensions and miniature black holes in their research programs. At the
Large Hadron Collider alone, three collaborations (ALICE, ATLAS and CMS) are
planning to do so. But what type of particles and signatures should we expect to
see in the detectors? Will we be able to see the Hawking radiation emission spectra
that we presented in the previous sections for elementary SM degrees of freedom
(the so-called “primary” particles), or maybe “secondary” composite particles will
be detected instead? In order to have a better understanding of the type of particles
expected to be seen in the final state, we need a Black Hole Event Generator (BHEG)
that simulates the black-hole production and decay process given a number of initial
conditions. The method followed in a BHEG is roughly the following:
Fig. 13 Multiplicity of parti-
cles emitted by a black hole
as the number of the addi-
tional spacelike dimensions n
increases from 2 (top curve)
to 6 (bottom curve) [104].
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Table 9 Predictions for the relative emissivities of SM fields [104] derived by CHARYBDIS
Type Quarks Gluons Charged leptons Neutrinos Photons Z0 W± Higgs
(%) 63.9 11.7 9.4 5.1 1.5 2.6 4.7 1.1
• For a given center-of-mass energy E of the colliding particles, the black-hole
mass MBH is estimated as a fraction of E
• The theoretically predicted emission rates for the “primary” particles are fed to
the BHEG and the “secondary” particle spectra are produced
At the moment, there are several Black Hole Event Generators that have been
constructed: CHARYBDIS [105], Catfish [106] and TRUENOIR [107]. For exam-
ple, the CHARYBDIS generator uses the HERWIG program [108] to handle all the
QCD interactions, hadronization and secondary decays. It also makes specific pre-
dictions for the relative emissivities of the different species of SM particles expected
to be detected. These are shown in Table 9 [104] from where we easily deduce that
the dominant type of elementary particles emitted by the black hole should be the
quarks. The exact spectrum of emitted particles depends also on what happens dur-
ing the final phase in the life of the black hole, i.e. whether the black hole evapo-
rates completely by emitting a few energetic particles or a stable remnant is formed
[109, 110, 111, 112, 113, 114]. For this reason, BHEG’s are equipped with an op-
tion regarding the nature of the final state of the black hole that can be changed at
will leading each time to the corresponding radiation spectra. Finally, any observed
deviations from the anticipated behaviour stemming from standard QCD could be
considered as additional observable signatures of the black-hole formation. For in-
stance, QCD events with high transverse momentum are expected to become grad-
ually more rare as the energy of the collision increases [27]; on the contrary, black
hole events with high transverse momentum dominate over the QCD events with
this happening at lower energies the smaller the fundamental gravity scale M∗ is
[115]. In addition, in a standard QCD process, one would expect to see the typical
back-to-back di-jet production seen in p+ p collisions with a particle distribution
peaked at D f = 0 and p , with D f being the diference in the azimuthal coordinate
between the two emitted hadrons; as the black hole decays through the emission
of individual, sequential “primary” particles that lead to mono-jet events, we ex-
pect the back-to-back di-jets to be strongly suppressed in the case of the black-hole
formation [115, 116].
If we, therefore, wished to summarise some of the most interesting phenomena
associated with the existence of a low-scale gravity and the production of higher-
dimensional black holes, we should mention the following (see [117], for a comple-
mentary discussion on this):
• Large cross-sections, that increase with the center-of-mass energy of the collision
unlike every other SM process – in such a case, the accurate measurement of the
cross-section could lead to the value of M∗
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• Primary particles emitted by the black hole with a thermal spectrum and a much
higher multiplicity than any other SM process
• Energy emission rates and relative emissivities for different species of fields de-
termined by the number of additional spacelike dimensions
• Non-trivial angular distribution in the radiation spectra coming from the spin-
down phase
• Comparison of the observed with the predicted spectra could lead to the detection
of the final remnant – its presence would increase the multiplicity of particles in
the final decay, lower the total transverse momentum by an amount equal to its
mass, and, if charged, it could even be directly detected via an ionizing track in
the detector
• Events with high transverse momentum, above the expected QCD background
• Strong suppression of back-to-back di-jet events contrary to the expected QCD
behaviour
• A significant amount of missing energy – larger than the one for SM or SUSY –
due to the emission of weakly interacting particles on the branes and of gravitons
or scalars in the bulk.
3.5 Schwarzschild - de Sitter Black Holes
We would like to finish the discussion of the properties and fate of higher-dimensional
black holes with a brief reference to the class of black holes that are formed in the
presence of a positive cosmological constant L in the higher-dimensional space-
time. The geometrical background around such a Schwarzschild - de Sitter black
hole is given by the line element [30]
ds2 =−h(r)dt2 + dr
2
h(r) + r
2d W 22+n , (56)
where
h(r) = 1− m
rn+1
− 2 k
2
D L r
2
(n+ 3)(n+ 2) , (57)
with k 2D ≡ 8 p GD = 8 p /M2+n∗ and m given again by Eq. (45). The equation h(r) =
0 has two real, positive solutions, rH and rC standing for the black hole and the
cosmological horizon, respectively. The temperature of the black hole is given by
the expression [118]
TH =
1√
h(r0)
1
4 p rH
[
(n+ 1)− 2 k
2
D L
(n+ 2) r
2
H
]
, (58)
where r0 is the value of the radial coordinate where the metric function h(r) reaches
its maximum value - the presence of the factor 1/
√
h(r0) in the expression for the
temperature is necessary for its consistent definition [120]. A similar expression can
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Fig. 14 Energy emission rate for a 4-dimensional black hole in terms of the cosmological constant
L .
be written for the temperature TC corresponding to the cosmological horizon – the
fact that rC > rH guarantees that TC < TH , therefore the flow of energy is from the
black hole towards the remaining spacetime.
The line-element of the gravitational background on the brane follows as before
by fixing the values of the additional angular coordinates to q i = p /2. It is then
straightforward to write the equation of motion of a scalar field propagating in the
projected-to-the-brane background. By solving the radial part of the equation of
motion, we may again determine the absorption probability |A (w )|2, and in turn
the energy emission rate. As in the case of a flat spacetime, the energy emission
rate is found to be greatly enhanced with the number of extra dimensions n but also
with the value of the cosmological constant L . This enhancement is clearly shown
in Fig. 14 [118]. What is, however, more important is the fact that, unlike in the
case where L = 0, for L 6= 0, the emission curve reaches an asymptotic non-zero
value as w → 0. This asymptotic value increases with the value of L and it might, in
principle, be used to “read” the value of the cosmological constant from the observed
radiation spectra. This non-zero asymptotic value is due to the fact that, unlike in the
case of a flat spacetime, the absorption probability acquires a non-vanishing value
when w → 0. This is given by the expression [118] (see also [119])
|A (w = 0)|2 = 4r
2
Cr
2
H
(r2C + r
2
H)
2 , (59)
and is clearly caused by the presence of the cosmological horizon in the theory
– in the limit rC → ¥ , the asymptotic value of the absorption probability, and in
turn of the energy emission rate, reduces to zero. This effect is independent of the
existence of additional spacelike dimensions and should be manifest also in the
radiation spectra of 4-dimensional primordial black holes.
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4 Conclusions
In the context of the theories predicting the existence of either Large or Warped
Extra Dimensions, a low-scale gravitational theory, characterised by a fundamental
Planck scale M∗ much smaller than the 4-dimensional one MP, can be realised. This
theory becomes accessible as soon as the energy of a given experiment exceeds
M∗, and manifests itself through a number of strong gravity effects. These effects
should be present even at ordinary Standard Model particle collisions, taking place,
for instance, at ground-based colliders. As a matter of fact, it is expected that during
collisions with E > M∗ we should witness the creation of not point-like particles
anymore but of extended heavy objects. One such type of objects are black holes,
one of the most fascinating classes of solutions in General Relativity.
The Large Hadron Collider at CERN will have a center-of-mass energy of 14
TeV, i.e. more than an order of magnitude larger than the value of the fundamen-
tal Planck scale M∗ = 1 TeV, suggested by the most optimistic scenaria with extra
dimensions. It becomes then a natural place to look for strong gravity effects, and
possibly for the creation of black holes. Studies have shown that their production
can be realised as long as the energy of the collision exceeds at least the value of 8
TeV. At the same time, the produced black holes are expected to have a mass of at
least a few times the value of the fundamental Planck scale if we want the classical
theory of General Relativity and its predictions to be still applicable. According to
the above restrictions, the Large Hadron Collider is found to lie on the edge of both
the classical regime and of the black hole creation threshold.
The calculation of the value of the corresponding production cross-section has at-
tracted a great attention over the years. The current results seem to support the claim
that this value is significant and that it will lead to the creation of, at least, a few
black-hole events per day. In addition, the study of the properties of these higher-
dimensional black holes suggest that the presence of extra dimensions greatly facil-
itates their creation: for instance, the horizon radius of these black holes, although
tiny, is orders of magnitude larger compared to the one for a 4-dimensional black
hole with the same mass.
When it comes to the detection of these events, the terms are also favourable. The
most important observable associated with the creation of the black hole will be the
emission of Hawking radiation, in the form of elementary particles, as the black hole
evaporates. The corresponding radiation spectrum will be centered around the value
of the temperature of the black hole, which, for the mass values that would allow
their creation at LHC, comes out to be in the range of 100-600 GeV. A thorough
theoretical study, employing either analytic or numerical techniques, is necessary in
order to determine, and thus predict, the exact Hawking radiation spectrum from a
decaying black hole. The differential energy emission rates are found to depend on a
number of particle and spacetime properties, and thus to encode a valuable amount
of information for the gravitational background and for the species of particles emit-
ted. Some of the quantities on which we may deduce information are the number
of additional dimensions that exist transversely to the brane, the black-hole angular
momentum, the cosmological constant, the spin of the emitted particles, and so on.
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In order to make a realistic prediction of the radiation spectra and also to model
in more detail the dynamical aspects of the production and evaporation process,
Black Hole Event Generators have been constructed. The exact form of the radia-
tion spectra, together with an additional number of distinct observable signatures
should make the detection of Black Holes, and thus of the existence itself of the ex-
tra dimensions, possible at the Large Hadron Collider. Hopefully, during the coming
years, our understanding of particle and gravitational physics, and of the fundamen-
tal theory that describes them, will be considerably extended beyond the current
limits.
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